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Abstract—The elastic moduli of human subchondral, trabecular, and cortical bone tissue from a proximal
tibia were experimentally determined using three-point bending tests on a microstructural level. The mean
modulus of subchondral specimens was 1.15 GPa, and those of trabecular and cortical specimens was
4.59 GPajand 5.44 GPa respectively. Significant differences were found in the modulus values between bone
tissues, which may have mainly resulted from the differences in the microstructures of each bone tissue rather
than in the mineral density. Furthermore, the size-dependency of the modulus was examined using cight

different sizes of cortical specimens (heights h=

1001000 um). While the modulus values for relatively large

spectmcns (h> 500 ym) remained fairly constant (approximately 15 GPa). the values decrcased as the
specimens became smaller. A significant correlation was found between the modulus and specimen size. The
surface area to volume ratio proved to be a key variable to explain the size-dependency.

INTRODUCTION

Determining the elastic modulus of bone tissuc on a

microstructural level is important for understanding
the mechanical behavior and function of bone. While

scveral investigators have reported or predicted
varying moduli for different size specimens of cortical
bone, little data exist on subchondral tissue, and
conﬂicling data have been reported on trabecular
tissuc. In the past, many structur ral models of bones or
joints have assumed that all bone tissues possess the
same modulus values, those of large cortical bone
specimens (13-17 GPa) regardless of their type or size.
This might lead to a misinterpretation of the structural
functions of each/bone tissuc type as well as their role
in the mechanical behavior of normal and implanted

To the best of our knowledge, no modulus measure-
ments have been made on microspecimens of sub-
chondral tissue. However, relatively large specimens
have been tested; and the moduli have ranged from

approximately 1 to 3 GPa; considerably lower than

the previously assumed values (Murray et al., 1984;
Brown and Vrahas, 1984). The reported trabecular
tissue moduli from microspecimens have ranged from
approximately 1 to 13 GPa (Runkle and Pugh 1975;
Townsend et al., 1975, Williams and Lewis, 1982;
Ryan and Williams, 1989; Mente and Lewis, 1987,
Ashman and Rho. 1988; Rice et al., 1988; Kuhn et al.,

1989). While this wide range could be explained by the
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differences in testing methods and materials, the non-
machined and irregularly shaped specimens used in
some studics (Runkie and Pugh, 1975; Townscnd
et al, 1975, Ryan and Williams, 1989) may have

el ad iemarnnetant sale
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In a previous study in our laboratory, Kuhn and co-
workers (1989) were able to produce regularly shaped
specimens from human iliac crest trabecular and
cortical tissucs on the microstructural level, and re-
poried the mean tissuc moduli o be 3.71 GPa and
4,77 GPa, respectively. These valucs were significantly
lower than reported values for cortical bone, and
suggested that specimen size effect may be very im-
portant at the microstructural level. Low moduli for
single osteons have been reported in a series of works
by Ascenzi and Bonucci (1967, 1968). An apparent

“"“‘A'Wﬂdcﬂ'}’ effect on modulug was also found in

tests on cortical specimens by Murray et al. (1984).
Recently, Rice et al. (1988) proposed that the higher
surface area to volume ratio in microspecimens might
lower the modulus due to the ‘surface impcrfcctions' in
bone SpéClmEi‘ls However, this S}‘)eCumuGi‘l remains (o
be evaluated.

The purpose of this study was (1) to experimentally
determine the elastic moduli of subchondral, trabe-
cular, and cortical bone tissues on a microstructural
level using regular rectangular beam specimens irom
a human tibia and (2) to investigate the size-dcpcnd-
ency of the modulus using eight different sizes of

corllcal bone specimens.

MATERIALS

. e o e PP A o

Two different sets of Spcumcus WCIE pICparca 101
mechanical tests: (1) microspecimens for the deter-
mination of the elastic moduli of the bone tissues and
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Table 1. The mean modulus and mineral density values for each type of bone specimen. All
specimen dimensions are reported in units of microns, the modulus values in units of GPa,
and the mineral density in units of U (grey scale/area). Standard deviations are shown in

parentheses

Elastic Mineral density

Bone type n Height Base modulus measurements
Subchondral bone 20 144.2 156.6 1.15 (0.37) 0.36 (0.04)
vertical i3 i26.6 ii9.7 487 (1.84) 0.36 (0.05)
Trabecular [horizomal 7 1279 1169 383 (045 032 (0.03)
total 20 127.1 118.7  4.59 (1.60) 0.35 (0.05)
Cortical bone 17 129.3 1249 544 (1.25) 0.29 (0.03)

(2) various sizes of cortical bone specimens for the size-
dependency study. All bone specimens were obtained
from one human right tibia (60, healthy male, death by

a sudden heart attack) in order to avoid the effects of

different donors on the modulus. The tibia was ob-
tained within 72 h of death, and stored at —10°C.

METHODS

Specimen preparation

............. Dath tenlbhanilas .
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specimens were obtained from the medial side of the
proxlmal tibia (top 8 mm), while cortical specimens
were obtained from the posterior aspect of the tibial
diaphysis. Specimens were prepared by using similar
procedures previously described by Kuhn et al. {1989).
A series of bone sections (100-170 ym) were cut on a
low-speed diamond blade saw (Modet 11-1180 Isomet,
Buehler, Lake Bluff, IL 60044) under constant irriga-
tion. Trabecular bone sections were cleared of marrow
by using a needle so that aii voids were delineated, and
relatively continuous segments were cut from the
sections nqmo a eralml blade, Similar segments were

cut from subchondral and cortical bone sections as a
preliminary step in the microspecimen preparation.
Since the sectioning process produced two parallel
surfaces on the bone segments, it was only necessary to

mnba tha athas surlnsas marallal ta aranta sastanaular
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beam specimens. A specially designed miniature
milling machine was used for this purpose. This
machine consisted of a specimen holding fixture at-
tached to an x-y table (Model 4464, Daedal Inc,,
Harrison City, PA 15636), and a high-speed grinder
(Model 604, Federai-Mogul Corporation, Chicago,
11. 60646) with a miniature drill bit of 200 um diameter
{No. 3143, Vern Wheeler and Company, Livonia, M1
48151). The vertical and horizontal movements of the
x~y tabie were controiied by precision micrometers.
Each bone segment was clamped into the holding fix-
ture and milled to a thickness of 100-170 um under
constant irrigation. Thus, rectangufar beam specimens
{(100-170) x (100-170) x (~ 1500) um3} were pro-
duced from each bone tissue.

Trabecular specimens were machined from both
vertically (superior~inferior, S-I direction) and hori-

v A ashahandeonl
and suolnonara:

zontally (medial-lateral, M-L direction) oriented tra-
beculae. Subchondrai specimens were machined from
the most proximal portion of the subchondral plate
(50-300 um below tidemark), and the long axis of each
subchondral specimen was oriented in an M-L direc-
tion. The long axis of each cortical specimen was
oriented in an S-1 direction. Most of the procedures

were conducted under a stercomicroscope at 40 x

Cortical bone specimens for size-dependency study.
Additional cortical bone specimens for the size-de-
pcndcncy study were obtained from the posterior
aspect of the tibial diaphysis, and prepared using only
the low-speed saw. Sections with varying thickness
(approximately 100~-1000 um) were cut on the saw.
Each cortical bone section was then placed between
two plates of plexiglass and cut sequentially, thus all
four surfaces of rectanguiar beam specimens were
produced by the saw. Eight different sizes of cortical
bone specimens were prepared.

Measurements of specimen dimensions

The specimen dimensions (height and base) were
measured by using a digital image processing system

{Recnanition Technolagv Ine Wacthorauoh MA
A CLOENICT  aCCANGICEY ik, WESIOOTOUgn, vanx

01581) hosted by an IBM PC computer. Each speci-
men was observed through a light microscope and
imaged with a video camera (Series 68, Dage-MTI
Inc.,, Michigan City, IN 46360). The dimensions were
determined by digitizing the image ai a magnification
of 0.95-9.5 um/pixel depending on the specimen size,
All specimens were kept moist during the whole
procedure. Specimens with height to base ratios
greater than 1.5 or smaller than 1/1.5 were excluded
from this study.

A total of 57 microspecimens (20 subchondral, 20
trabecular, and 17 cortical specimens) and 88 cortical
specimens (see Table 2) were prepared for the mechan-
ical tests. Specimens were kept moist at all times and

stored at — i0°C untii tcstmg

A three-pomt bending test apparatus, shown in Fig. 1,
was used for mechanical tests (Kuhn et al., 1989). An



Table 2. The modulus values for each specimen size group.

All specimen dimensions are reported in units of microns,

and the modulus values in units of GPa. Standard deviations
are shown in parentheses

Size group n Height Base Elastic modulus
1 10 10023 997.7 14.92 (1.75)
2 10 798.8 806.2 16.31 (1.43)
3 10 5642 516.1 14.51 2.36)
4 10 3226 306.7 11.62 (1.10}
5 10 193.0 209.9 891 (2.19)
6 10 143.9 1504 744 (1.50)
7 15 122.8 131.7 5.15 (1.47)
8 13 1023 111.3 5.45 (1.53)

nrd mna l'\l microscone sta

microscope stage was converted into the
testing apparatu$ by the following modifications. A
platform, providing end supports for the specimens,
was placed on a ¢ustom-made load cetl, and this unit
was attached to the microscope stage. The vertical

acmt ~f th # 2 0w, "~
movement of the stagc was controlled by a stepper

motor connected) to the fine focal adjustment mech-
anism of the microscope. A loading head was attached
to the stationary part of the microscope. With the aid
of a stercomicrdscopc. cach specimen was placcd
across the end supports, and ioaded at its midpoint at
a constant displacement rate of 0.11 mms ™. An effort
was made to stop loading prior to specimen fracture in
order (o save all specimeas for further analyses. The
displacement wasjmeasured by a linear variable differ-
ential transformer (Model 100 MHR, Schaevitz En-
gineering, Pensauken, NJ 08110), and the magnitude

by the load cell Load and

vy oW v -l

of load was measured

displacement data were acquired simultancously by
using an analog-to-digital converter and an IBM PC
computer. The fojlowing equation for elastic bending
of a beam, which #ccounts for the effects of shear stress

on mouums, wasw USC(.I o uu.uuuc mc luuuunua lUl

cach specimen (T imoshenko and Goodier, 1987).
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Fig. 1. Schematic diagram of the threc-point bending test
apparatus.

where:

E =elastic modulus in bending;
P/y=initial slope of load-displacement curve;

L =span length;

I =area moment of inertia [={(1/12)bh*}];

b=base of the specimen;

h=height of the specimen.

The aspect ratio of the beam specimens (L/h) was
kept constant (approximately 10) for both the micro-

ayb\-uln.ua \z.. =13k=~013m mmy ) and various sizes of

cortical specimens (L=1.3-10.5, h=0.1-1.0 mm). All
calculated modulus values were corrected for the
compliance of the testing system. All specimens were
kept moist during the test.

Measurements of mineralization

An automated microradiographic technique, de-
veloped by Feldkamp and Jesion (1986), was used to
determine relative differences in mineral density be-
tween microspecimens in a similar application used
by Kuhn et al. (1989). This scanning system is

m aosad
mainly composed of an X-ray source, image intensi-

fier, video camera, and digitizing system controlled by
a VAX-730 computing system. A total of 54 specimens
(18 subchondral, 20 trabecular, and 16 cortical spe-
cimens) were mounted on a platform and scanned
scquentially. Note that three specimens (2 subchon-
dral and 1 cortical) were lost during this procedure.
The platform was placed as close as possible to the X-
ray source to obtain a high magnification (331
pixels/mm). Images, captured by the intensificr, were
transferred to the digitizing system through the cam-
cra. X-ray attenuation coefficients, assumed to be
nronortional to mineral density, were converted into

prpve el Rélal OORst), v oot [2=L0 )

grey scale values (256 levels). Attenuation profiles were
created over planar projections of cach specimen from
the grey scale values. The relative mineral density (unit
=grey scale mm 2, U) was computed by integrating
cach attenuation profile and dividing by the specimen
cross-sectional area. An average mineral density was
determined from approximately 10 profiles taken at
various locations along the length of each specimen.
These measures represented relative differences in
mineral density between specimens, which shouid be
sufficient to investigate the effects of mineral density
on modulus.

RESULTS
Validation tests for the specimen preparation technique
and testing methods

One of our concerns was that the preparation
technique might be creating artifactuai defects on the
surfaces of the specimens, thus affecting the modulus
values. In order to evaluate the surface condition, both
milled specimens and the specimens prepared using
only the low-speed saw were immersed in 1 % basic

fuchsin in a 40 % ethyl alcohol solution for a period of
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seven days, as described by Frost (1960). Nearly all the
physiologic spaces and defects were stained. No arti-
factual defects due to the machining procedures were
observed under high magnification [Fig. 2(a)].
Backscattered image analysis [Fig. 2(b)] through a
scanning electron microscope (Hitachi S$-750) also
supported the observation of undamaged surfaces
after machining. Although the possible artifactual
defects due to the machining cannot be completely
ruled out, we believe that the effects of the artifactual
defects, if any, on the modulus might be negligible
compared to those of biologic defects, such as lacunae
(5-30 pm).

The validity of the milling technique was further
evaluated by comparison of the modulus values of the
similar sized cortical specimens prepared by the two
different techniques. The mean modulus of cortical
specimens (h= 123 um, n = 15) prepared using only the
low-speed saw was 5.15 GPa (Table 2), while that of
milled specimens (h=129 ym, n=17) was 544 GPa
(Table 1). Using a one-way ANOVA, no significant
difference in modulus values was found between the
two specimen groups (p>0.05). This suggested that
the surfaces produced by milling were as smooth as
those produced by the low-speed saw and that the
possible heating effects due to the high-speed milling
procedure, which we were not able to evaluate dic-
cctly, were no worse than those duc to the standard
low-speed sawing.

Since this study included both microspecimens and
large specimens, the testing methodology was further
evaluated by testing 20 circular microbeam specimens
of silicon carbide fiber (d = 140 um, Textron Speciaity
Materials, Lowell, MA 01851) and 10 acrylic rectan-
gular beam specimens (h= | mm). The measured mean
modulus of the fiber specimens was 350.85 GPa (s.d.
=17.84), which was approximately 10 % lower than a
known range of values of 380-415 GPa provided by
the manufacturer. The acrylic specimens tested pro-
vided a mean modulus value of 3.37 GPa (s.d. =0.07),
which was 8.7% higher than a known value of
3.10 GPa. Both differences were within + 10 %, which
we believed to be a reasonable level of accuracy
considering the differences between the manu-
facturer’s and our testing methods.

The elastic moduli of subchondral, trabecular, and
cortical bone tissue

Figure 3 illustrates an example of load-displace-
ment curves generated by the testing apparatus. The
initial slopes of the curves were used to calculate the
clastic modulus values. A summary of the test results is
presented in Table 1. The modulus for subchondral
specimens (n = 20) ranged from 0.62 to 1.88 GPa, with
a mean value of 1.15 GPa (s.d.=0.37). The modulus
for trabecular specimens (n =20) ranged from 3.27 to
10.58 GPa, with a mean value 0of 4.59 GPa (s.d. = 1.60).
The modulus for cortical specimens (n=17) ranged
from 3.07 to 7.63 GPa, with a mean value of 5.44 GPa
(s.d.=1.25). An analysis of variance demonstrated

K. CHOt et al.
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Fig. 3. A load-displacement curve for a trabecular specimen
generated by the testing apparatus.

significant differences in the moduli between ail bone
tissues (p <0.05). The mean modulus of cortical spe-
cimens was 19% higher than that of trabecular
specimens.

The moduli of the vertically and horizontally ori-
ented trabecular specimens were compared using a
onc-way ANOVA. Although the mean modulus of
vertically ociented trabecular specimens (n=13, E
=496 GPa, s.d. = 1.85) was 27.5 % higher than that of
horizontally oriented specimens (n=7, E =3.89 GPa,
s.d. =0.46), no statistically significant difference was
found. Also, no significant difference in the relative
mineral density values was found between the vertical-
ly (0.36 U, s.d.=0.06) and horizontally (0.32 U, s.d.
=0.03) oriented trabecular specimens.

The mineral density values for subchondral speci-
mens ranged from 0.31 to 0.44 U, with a mean value of
0.36 U (s.d.=0.04). The values for trabecular speci-
mens ranged from 0.25 t0 0.50 U, with a mean value of
0.35 U (s.d. =0.05). The values for cortical specimens
ranged from 0.24 to 0.34 U, with a mean value of
0.29 U (s.d. =0.03). These data showed that both the
subchondral and trabecular specimens possessed sig-
nificantly more mineral than the cortical specimens
(p <0.01). However, no significant difference between
the subchondral and trabecular specimens was found.

Figure 4 illustrates linear {a) and logarithmic (b)
regressions of the modulus vs the mineral density for
cach type of bone specimen. While statistically signi-
ficant relationships (p <0.01) were found in the tra-
becular specimens, no relationships were found in
subchondral specimens. For cortical bone, the rela-
tionship was significant (p <0.05) in the linear model,
but not significant (p=0.0525) in the logarithmic
model,

The size-dependency of cortical bone modulus

The results of the study on the size effect on cortical
bone modulus are demonstrated in Table 2. The mean
moduli of large specimens with heights greater than
550 um remained fairly constant, and they ranged
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Fig. 2. (a) Portions of a cortical microspecimen as viewed by ordinary light miccoscope (Isomet cut and

stained with | % basic fuchsin); (b} backscattered clectron image of a trabecular microspecimen (milled,

tested, carbon-coated). Note the relative size of lacunae (5-30 um) compared to the specimen thickness
{approximately 100 pm),



Fig. 6. Backscattered electron image of a subchondral microspecimen (milled, tested, carbon-coated), which
shows that the specimen consists of calcified cartilage (C, brighter, higher mincral density) and bone tissue
(B. darker, lower mineral density). Note also a perforation (P) within the specimen.
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Elastic moduli and size-dependency of cortical bone
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Fig. 4. Lincar (a) and logacithmic (b) regression models
show correlations Between the modulus and mineral density
values for cach type of bone specimen. While significant
correlations were found in trabecular specimens, no signific-
ant correlations were found in subchondral specimens in
both regressions. For cortical specimens, a significant cor-
relation was found in the lincar model, but not in the
logarithmic model. N.S. = not significant (p > 0.05).

from 14.51 to 16.31 GPa. For the specimens with
heights between 550 and 100 ym, the moduli de-
creased from 14.51 to 5.45 GPa, as the specimen size
decreased. A significant relationship between modulus
and specimen size was found (p <0.01). Similarly, a
significant relationship between modulus and surface
area to volume ratio of specimens was also found
(Fig. 5, p<0.01). The data were fit to the following
equation

E.,=A-B(S,)+C(S,)? (2)
where:
E_ =elastic modulus of cortical specimen in
bending;
A,B,C=empirical constants: A=1834GPa; B

=613.08 GPa (um). C =6961.5 GPa (um)?;
S, =surface area to volume ratio.
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Fig. 5. The size-dependency of the cortical modulus is
clearly shown by the strong correlations between modulus
and surface area to volume ratio.

DISCUSSION

Some considerations on specimen preparation and
three-point bending methods

The effect of specimen preparation artifact on the
modulus was evaluated by examining the specimen
surface conditions utilizing a staining technique and
scanning electron microscopy. While no artifactual
defects were observed under high magnification, the
possible defects due to machining cannot be com-
pletely ruled out. However, we belicve that biologic
defects such as lacunac more greatly affected the
measurcd modulus than the possible defects caused by
the machining process.

Three-point bending was chosen as the mechanical
testing method, since the possible error due to end
effects and specimen holding problems involved in
tensile or compressive testing on microspecimens
could be eliminated. However, the choice of three-
point bending raised several concerns which need to
be addressed.

The main difficulty in the bending tests is the
estimation of accurate stresses and strains {rom the
load and displacement measurements. As discussed
previously by Reilly and Burstein (1974), the estima-
tion of actual strain based on cross-head displacement
might introduce significant errors. A local stress per-
turbation due to the concentrated loading (shear stress
effect) might also introduce some errors. The calcu-
lations in this study were corrected for the shear effect
by equation (1) (Timoshenko and Goodier, 1987).
While it is difficult to accuratcly estimate the total
error duc 1o the use of a bending test, the validation
tests of silicon carbide fibers and acrylic specimens
showed that the errors in determining the elastic
modulus could be less than 10 % for the isotropic and
homogeneous materials.

The simple application of equation (1), which as-
sumes isotropic materials with a Poisson’s ratio of 0.3,
to anisotropic and heterogencous materials like bone
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might introduce additional error sources (Tarno-
pol'skii and Kincis, 1985). The complex nature of the
bone structure might cause nonlinear stress distribu-
tions due to shifting of the neutral axis, interlamellar
shear stresses and stress concentrations around bio-
logic defects. Since equation (1) does not consider
nonlinear stress distributions over the width of the
specimen, nonuniformity of specimen dimensions
might also introduce errors. It is almost impossible to
accurately estimate the total error due to anisotropy
and heterogeneity, since there is no complete anisotro-
pic bending theory, and the elastic symmetry of bone
tissue is unknown. A recent investigation by Martin
and Pramanik (1989), however, demonstrated that the
Timoshenko correction seemed to account for the
errors for bone specimens when the aspect ratio is
greater than 10. Their data also suggested that further
correction is needed for thick and short specimens.

According to ASTM STPs applied to determine
flexural moduli for plastic materials (ASTM D90-84),
ceramic whiteware materials (ASTM C674-80), and
adhesive bonded laminated assemblies (ASTM
D1184-69), the recommended aspect ratios are 16, 8,
and 8, respectively. The ASTM tests also recommen-
ded the specimen height to base ratios to be 0.5-2.0.
The specimens used in this study had an aspect ratio of
approximately 10 and a specimen height to base ratio
range of 0.67-1.5.

Table 3 shows some of the tensilc and bending
modulus values reported in the literature for wet
human cortical bone specimens. These values demon-
strated a small difference between tensile and bending
moduli for human cortical bone, while Simkin and
Robin (1973) reported a difference as great as 40 % for
bovine cortical bone. Our modulus values for large
cortical specimens (15.2 GPa) agreed well with other
modulus values, although it is not clear how much
error the bending method introduced for micro-
specimens. A new theory for composite materials
which accounts for the ultrastructure of bone would
be necessary for a more accurate analysis. Lastly,
despite the many limitations in a bending test, the past

Table 3. The comparison of the tensile and

et al.

literature in bone mechanics lends some support for
the test.

The elastic moduli of subchondral, trabecular,
and cortical bone tissue

The subchondral specimens demonstrated a mean
modulus value (1.15 GPa), which was significantly
lower than that of trabecular and cortical specimens in
spite of the high mineral density. Since most of the
specimens were obtained from the most proximal
portion of the subchondral plate, with an average
height of 144.2 um, it might be reasonable to assume
that the specimens were composed of both calcified
cartilage and bone tissue. The high mineral density of
subchondral specimens could be explained by the
presence of the fully calcified cartilage in the speci-
mens. Figure 6 shows a backscattered image of a
subchondral specimen which consists of calcified car-
tilage and underlying bone. The presence of the cartil-
age was confirmed by staining the specimens with
hematoxylin, fast green, and safranin-o.

The microstructural characteristics, along with the
presence of calcified cartilage, might be responsible for
the low modulus of subchondral specimens. Accord-
ing to the recent observations of Duncan et al. (1987),
the subchondral bone plate contains numcrous *per-
forations” of various sizcs, which are not seen in
trabecular and cortical bone. Figure 6 illustrates such
a perforation within a subchondral specimen. While
the physiological function of the perforations is not
entircly understood, their mechanical consequences
arc quite obvious. The microstructural defects witl
reduce the ability of subchondral bone to resist defor-
mation, thus resulting in the low modulus.

Low modulus values of subchondral bone have also
been reported in other studics. Murray et al. (1984)
prepared thin disk-shaped subchondral bone speci-
mens (d=9.5 mm, t=0.5-0.9 mm) from human prox-
imal tibiae, applied a point-loading at the center of the
disk, and found the mcan modulus to be 3.06 GPa.
Brown and Vrahas (1984) also conducted mechanical
tests on thin shell-shaped femoral subchondral bone

bending moduli from wet human cortical

specimens. All moduli are reported in units of GPa

Tensile modulus Bending modulus

Evans and Lebow (1951) 14.2 Sedlin (1965) 15.8
Dempster and Liddicoat (1952) 14.1 Scdlin and Hirsch (1966) 15.5
Ko (1953) 173 Yamada (1970) 15.7
Sedlin and Hirsch (1966) 6.0 Currey and Butler (1975) 15.7¢
Yamada (1970) 17.2 Yang and Lakes (1982) 144
Burstein et al. (1972) 14.1 Present study 15.2¢
Reilly et al. (1974) 179

Reilly and Burstein (1975) 17.0

Average 160  Average 154

* The value was obtained from the specimens over 40 yr old.
+ The value was obtained from large specimens (h> 500 um).
+ The average value did not include Sedlin and Hirsch's data.
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specimens (d=31.75mm) with various thickness
values, and reported the apparent elastic modulus to
be 1.37 GPa for the specimens with a thickness of
1 mm.

The trabecular specimens of this study demon-
strated a mean modulus of 4.59 GPa, falling into the
range of values (1.0-13.0 GPa) previously reported by
other investigators. Past studies have included tensile
tests (1.0 GPa, Ryan and Williams, 1989), buckling
tests (11.4 GPa, Townsend et al., 1975), ultrasonic
evaluation (13.0GPa, Ashman and Rho, 1988), finite
element estimation (1.3 GPa, Williams and Lewis,
1982), a combined cantilever bending and finite ele-
ment analysis (513 GPa, Mente and Lewis, 1987), and
three-point bending tests (3.71 GPa, Kuhn et al,
1989).

In the present study, we found a mean trabecular
tissue modulus to be 4.59 GPa while a mean modulus
of similar sized dortical specimens was 5.44 GPa. This
showed that the cortical tissue modulus was 19 %
higher than the:trabecular tissue modulus, and this
difference was statistically significant (p <0.05). This
finding agreed well with the results in a previous study
(Kuhn et al., 1989) where the difference was 28 %.
While this differénce has been previously predicted by
other investigatdrs in different manners, which include
microscopic hardness testing (Weaver, 1966; Hodg-
skinson et al., 1989) and predictions based on the
difference in mineral density (Ashman and Rho, 1988),
no direct data have been provided to explain the
difference in moduli.

In the present study, the mineral density of trabecu-
lar specimens was higher than that of cortical specim-
ens, while the tfabccular tissue modulus was lower
than the cortical tissue modulus. As described earlier,
the same result was found in the subchondral bone
specimens. This suggested that the estimation of the
trabecular tissue modulus by extrapolating the
modulus-minerdl density relationship for cortical
bone may not be valid, and that microstructural
differences betwéen bone tissues play a critical role in
determining the modulus on the microstructural level.
Ascenzi and Bonucci (1967, 1968) demonstrated that
even within cortical bone the moduli of single osteons
are dependent on the mineral density as well as
microstructure (types of osteons). A recent investi-
gation by Martih and Ishida (1989) also showed that
collagen fiber otientation was the best predictor of
cortical bone tensile strength, while mineral density
alone was a poor predictor. In the present study,
although statistically significant correlations (p < 0.05)
between the mineral density and the modulus were
found in both trabecular and cortical specimens
{Fig. 4(a)], the miineral density explains only 58 % and
30% of variance in the modulus respectively. This
suggests that the remaining large variance might be
explained by the microstructural characteristics of
each specimen.

Trabecular bane which is formed by surface re-
modeling contains angular segments, called ‘trabecu-
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lar packets’ (Jee, 1983). The segments are delineated by
cement lines, and each segment has its own lamellae
orientation. Therefore, we might expect a mosaic-like
structure with more cement lines and variable lamellae
orientation in trabecular bone tissue, which might
have provided more stress risers, resulting in the lower
modulus. This more segmented structure may also
make trabecular bone tissue more isotropic than
cortical bone tissue and may be a reason for the better
correlation between modulus and mineral density in
trabecular bone tissue.

As mentioned earlier, the mineral density of tra-
becular specimens was higher than that of cortical
specimens. While this finding showed a result opposite
to the observations of Gong et al. (1964) and
Hodgskinson et al. (1989), where the mineral content
of trabecular bone was lower than that of cortical
bone, this could be partly explained by the remodeling
characteristics along with the specimen preparation
methods. Surface remodeling provides a newly formed
bone (less mineralized) and osteoid on the surfaces of
trabeculae, while older bone (higher mineralized) is in
the center portions of trabeculae. Since most of the
trabecular surfaces were removed during the specimen
preparation procedures in the present study, our
specimens may have been primarily composed of the
highly mincralized portions of the trabeculae. On the
other hand, the specimens in Gong’s and Hodg-
skinson's studies included the less mineralized sur-
faces, perhaps resulting in a lower overall mineral
density.

Another effort was made to investigate the effects of
trabeculae orientation on the modulus within a local-
ized trabecular bone volume. We hypothesized that
vertically oriented trabeculae might have different
modulus values from horizontally oriented trabeculae,
because each trabeculae group might experience dif-
ferent mechanical environments, perhaps resulting in
different microstructures. The data illustrated that the
mean modulus of vertically oriented trabeculae was
about 27.5 % higher than that of horizontally oriented
trabeculae. However, no statistically significant differ-
ence was found (p>005). At this point, it is not
possible to draw any conclusion about this result
because of the very small sample size.

It should be noted that our trabecular tissue modu-
lus (4.59 GPa) was obtained from specimens with an
average height of 127 um. If we assume that the
trabecular tissue modulus has a size-dependency sim-
ilar to that found for cortical bone, then the tissue
moduli in bending might be expected to range from
approximately 4 to 7 GPa for typical trabecular thick-
nesses of 100-200 ym.

The size-dependency of cortical bone modulus

The effects of specimen size on the cortical bone
modulus have not been studied extensively. Murray
et al. {1984) tested three different sizes of cortical
specimens (¢ =0.1-2.5 mm), and found that the modu-
lus decreased with specimen thickness. No attempt
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was made to correlate the modulus and specimen size
in their study. On the other hand, contradicting data
have been reported by Yang and Lakes (1982), where
modulus increased as specimens became smaller
(d=5.2-1.4 mm). This study. however, was conducted
on only large specimens, thus the application of this
result to microspecimens may not be valid and may
need to be tested separately.

In the present study, we examined the size-depend-
ency of cortical bone modulus with both micro-
specimens (h <500 um, five different sizes) and large
specimens (h>500 um, three different sizes), and
found a significant correlation between the modulus
and specimen size. One possible explanation for the
size-dependency might be the presence of microstruc-
tural defects, such as lacunae, near the surfaces of the
specimens (Rice et al., 1988). Since the size of these
defects does not change with specimen size, as speci-
mens become smaller the effects of the defects become
more prolound. It seems that these effects are not
significant for the large specimens, but they gradually
become significant as the specimen size approaches a
microstructural level. The surface area to volume ratio
has previously been proposed as a variable to explain
the size-dependency of the modulus by Rice et al.
(1988). A significant correlation was found between
the modulus and surface arca to volume ratio, and the
relationship was summarized as a quadratic equation.

Although the elastic modulus or Young's modulus
is considcred an intrinsic material property, a constant
value regardless of specimen size, this assumes that the
material is truly homogencous, In fact, bonc is not a
homogencous material. It consists of different consti-
tuent materials and possesscs structural heterogeneity
at every level of magnification, Even as test specimens
are reduced in size in an effort to approach some level
of homogeneity, the previously insignificant micro-
structural characteristics become significant. The
modulus of bone tissue determined even on a micro-
structural level may still represent a ‘stiffness’ rather
than an intrinsic property of bone material. This
aspect was previously described by Reilly and
Burstein (1974) * . . . to some degree bone is a struc-
ture at all levels of organization including the molecu-
lar level, and this complex nature makes the size of
the machined specimen an important variable to be
considered in all tests. Because of the heterogeneity
of bone, a working definition of the ‘material’ under
test is needed’. Thercfore, we believe that the direct
comparisons between trabecular tissue modulus
(~5GPa) with large cortical bone modulus
(~ 15 GPa) could introduce a misunderstanding of the
mechanical competence of both bone materials.

The tissue modulus values provide essential input
data for finite element analyses of bone structure or
bone-implant interfaces on a microstructural level
(Hollister et al., 1990; Pedersen et al., 1990). Until
microstructural models of bone include ccment lines,
lacunae, and other microstructural characteristics, the
boune tissue ‘stiffness’ values which our data provide

K. CHOL ¢t al.

may be the most relevant to tissue moduli. Although,
in tension or compression, the size-dependency may
not be as serious as in bending, we believe that
‘specimen size' should be considered as an important
factor affecting the modulus on a microstructural
level.
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